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In  t roduc t i  on and Ob j ec t i ve 
P r e c i s e  a n a l y s i s  by rocket-  and s a t e l l i t e - b o r n e  mass spectrometers  
of t h e  concent ra t ion  of atomic oxygen i n  t h e  e a r t h ' s  upper atmosphere is  
made d i f f i c u l t  by t h e  r e a c t i v e  c h a r a c t e r  of t h e  oxygen atoms themselves.  
These s p e c i e s  can i n t e r a c t  wi th  s o l i d  s u r f a c e s  by adsorpt ion,  by forma- 
t i o n  of oxides,  and by c a t a l y t i c  product ion of molecular oxygen. Hence, 
t h e  oxygen atom concen t r a t ion  as seen  by a mass spectrometer  may be 
s u b s t a n t i a l l y  d i f f e r e n t  from i ts  real va lue  i n  t h e  environment because 
of atom removal on t h e  var ious  s u r f a c e s  of t h e  ins t rument .  The ob jec t ive  
o f  t h i s  p r o j e c t  i s  t o  e l u c i d a t e  t h e  k i n e t i c s  and mechanisms of i n t e r a c t i o n  
of oxygen atoms with s o l i d  s u r f a c e s  of engineer ing  in t e re s t  i n  o rde r  t o  
a l low q u a n t i t a t i v e  i n t e r p r e t a t i o n  of t h e  mass spec t rometer  s i g n a l  i n  
terms of t he  composition of t h e  upper atmosphere. 
To minimize t h e  problem of atom l o s s  caused by heterogeneous atom 
r e a c t i o n  ou t s ide  t h e  sampling chamber i n  t h e  l abora to ry  experiment, w e  
have u t i l i z e d  an experimental  approach i n  which changes i n  t o t a l  gas 
pressure  and oxygen atom production r a t e  a r e  he ld  nea r ly  cons t an t .  The 
t h e o r e t i c a l  b a s i s  f o r  t h e  experiment was descr ibed  i n  d e t a i l  i n  Q u a r t e r l y  
S t a t u s  Report N o .  1 (September 1, 1967) .  Subsequent experiments with 
molecular oxygen, repor ted  i n  Quar te r ly  S t a t u s  Report N o .  2 (December 1, 
1967), v e r i f i e d  t h e  genera l  v a l i d i t y  of t h e  approach for measuring low- 
p r e s s u r e  gas-sur face  i n t e r a c t i o n  k i n e t i c s .  The c o n t r i b u t i o n  of c a t a l y t i c  
processes  o the r  than simple atom s o r p t i o n  or recombination, revealed by 
an examination of t he  oxygen-carbon monoxide-platinum system, was d i s -  
cussed i n  Quar te r ly  S t a t u s  Report N o .  3 (March 1, 1968) .  D i f f i c u l t y  i n  
ob ta in ing  measurable s t e a d y - s t a t e  concen t r a t ions  of atomic oxygen i n  t h e  
o r i g i n a l  appartus ,  however, l e d  t o  t h e  des ign  or" a new sys t em descr ibed  
i n  d e t a i l  i n  Quar te r ly  S t a t u s  Report N o .  4 ( June  1, 1968) .  
- Experiments 
Ana ly t i ca l  Bas is  
The experimental  appara tus  ( F i g .  1) c o n s i s t s  of a c y l i n d r i c a l  
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r e a c t i o n  v e s s e l  through which oxygen atoms flow from a source  a t  one end 
t o  a high-capaci ty  vacuum pump a t  t h e  oppos i te  end. Under t h e  cond i t ions  
of molecular  flow, which apply throughout t he  pressure  range lo-' - lo-' 
t o r r  employed i n  t h i s  apparatus ,  s imple k i n e t i c  theory sugges ts  t h a t  once 
an  atom e n t e r s  t h e  r e a c t o r  i t  w i l l  depa r t  through t h e  e x i t  a p e r t u r e  a f t e r  
s u f f e r i n g  mul t ip l e  c o l l i s i o n s  with t h e  r e a c t o r  w a l l .  However, i f  t he  
atom recombines with another  atom dur ing  one of t hese  c o l l i s i o n s ,  i t  w i l l  
l e ave  t h e  r e a c t o r  a s  an oxygen molecule. 
The fol lowing a n a l y s i s  is based on t h e  assumptions t h a t  ( a )  t h e  atom 
dens i ty  r ep resen t s  a s m a l l  f r a c t i o n  of t h e  t o t a l  gas  concent ra t ion  and 
( b )  s u r f a c e  r e a c t i o n s  are f i r s t  o rde r  with r e spec t s  t o  gaseous atoms. 
The r a t e  of change i n  atom dens i ty  n1 i n s i d e  the r e a c t o r  of volume V i s  
given by t h e  d i f f e r e n c e  between t h e  number e n t e r i n g  per second Q1 and t h e  
sum of ( a )  t h e  number l eav ing  through the  e x i t  a p e r t u r e  of a r ea  A and 
(b) t h e  number r eac t ed  by i n t e r a c t i o n  with t h e  su r face  of a r e a  A 
e 
R: 
where c is  t h e  mean atomic v e l o c i t y  and y t h e  p r o b a b i l i t y  of a r e a c t i v e  
c o l l i s  ion .  Under s t eady-s t a  te  cond i t ions  
For a r e a c t o r  whose s u r f a c e  a c t i v i t y  i s  s o  low t h a t  y = 0 ( p e r f e c t  
r e f 1  ec t or) 
nl* = 4Ql/EVAe 
Thus t h e  r a t i o  i n  atom d e n s i t y  for t h e s e  two r e a c t o r s  i s  given by 
nl/nl* = A,,/(A~ + Y A ~ )  = 1/11 + ( Y A ~ / A , ) I  
(3) 
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o r  
where 0 z A /A r ep resen t s  t h e  average c o l l i s i o n  number, i . e .  t h e  average 
number of c o l l i s i o n s  made by each incoming atom with t h e  r eac to r  wa l l .  
R e  
A r e a c t o r  of very low s u r f a c e  a c t i v i t y  is obtained by us ing  Pyrex 
g l a s s  which has  a recombination c o e f f i c i e n t  of -lov4. Hence, Eq. 5 i s  
a p p l i c a b l e  f o r  t h e  eva lua t ion  of recombination e f f i c i e n c i e s  of meta ls  by 
measurement of t h e  e f f e c t i v e  atom concen t r a t ion  r a t i o  observed i n  our 
appara tus  when t h e  va r ious  metals  a r e  placed i n  t h e  r e a c t o r .  
It i s  of i n t e re s t  t o  note  t h a t  t h e  magnitude of t h e  r a t i o  nl/nl* i s  
independent of t h e  abso lu te  value of atom concen t r a t ion  i n  t h e  r e a c t o r  
(Ql c o n s t a n t ) .  However, i f  atom recombination occurred a s  a r e s u l t  of a 
second o rde r  mechanism, an atom concen t r a t ion  t e r m  would appear i n  t h e  
denominator on the  r ight-hand s i d e  of Eq. 5, and t h e  va lue  of nl/nl* 
would diminish with i n c r e a s i n g  atom concent ra t ion .  This  c h a r a c t e r i s t i c  
of t h e  system makes i t  poss ib l e  t o  determine t h e  o rde r  of t h e  process  by 
which atoms are  removed wi th in  t h e  r eac to r .  
Apparatus and Procedure 
Our r e a c t o r  ( F i g .  1) is  a Pyrex c y l i n d e r  with an i n s i d e  diameter  of 
2 .2  cm and a l eng th  of 10 c m .  Atoms are generated by thermal d i s s o c i a t i o n  
of molecular oxygen on a tungs ten  ribbon i n  a water-cooled chamber a t  t h e  
lower end of t h e  r e a c t o r .  The r e a c t o r  i n l e t  i s  a 0.32-cm-radius a p e r t u r e  
i n  a g l a s s  p l a t e  s i t u a t e d  i n  c l o s e  proximity t o  the  tungs ten  r ibbon.  The 
r e a c t o r  o u t l e t  is a 0.55-cm-radius a p e r t u r e  i n  a g l a s s  p l a t e  which l e a d s  
d i r e c t l y  t o  a l a r g e  chamber pumped t o  low pressure  by a t i t an ium s u b l i -  
mation pump and an i o n - g e t t e r  pump. This  chamber con ta ins  a quadrupole 
mass spectrometer  s i t u a t e d  i n  such a way t h a t  i t s  i o n  source  i s  immedi- 
a t e l y  ad jacen t  t o  t h e  r e a c t o r  e x i t  a p e r t u r e .  
analyzes  t h e  r e l a t i v e  composition of t h e  gas  i n  t h e  r eac to r ,  s p e c i f i c a l l y ,  
The m a s s  spectrometer  t hus  
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t h e  r a t i o  of oxygen molecules t o  oxygen atoms. The t o t a l  p ressure  i n  the  
s y s t e m  is  determined by i o n  gages nea r  t h e  i n l e t  and on t h e  ana lyzer  
chamber, and can be c o n t r o l l e d  by a d j u s t i n g  t h e  l e a k  ra te  of 0, i n t o  t h e  
system. The temperature  of t h e  tungs ten  ribbon, and thus  t h e  i n l e t  atom 
f lux ,  can be va r i ed  by a d j u s t i n g  t h e  hea t ing  c u r r e n t .  
Metal s u r f a c e s  can be introduced t o  t h e  r e a c t o r  e i t h e r  a s  c y l i n d r i c a l  
i n s e r t s - - f o i l s  or evaporated f i lms--or  a s  r ibbons connected t o  e l e c t r i c a l  
lead-throughs which permit f l a s h  c l ean ing  of t h e  specimens by e l e c t r i c a l  
r e s i s t a n c e  hea t ing .  
Resu l t s  
1. Pvrex Reactor 
The r a t i o  of atomic t o  molecular oxygen i n  t h e  empty r e a c t o r  was 
eva lua ted  a s  a func t ion  of t h e  t o t a l  p ressure  of molecular oxygen and 
t h e  temperature of t h e  tungs ten  ribbon. The r e s u l t s  a r e  shown i n  Table I. 
2.  Gold F o i l  Specimen 
A s t r i p  of 0.002-inch-thick gold f o i l  with a t o t a l  geometric su r face  
a r e a  of 24 om2 w a s  supported i n  t h e  r e a c t o r  by means of t he  e l e c t r i c a l  
lead-throughs.  Condi t ions of p re s su re  and tungs ten  r ibbon temperature 
s imilar  t o  those employed i n  t h e  experiments with t h e  empty r e a c t o r  w e r e  
dup l i ca t ed .  Based on t h e  measured f r a c t i o n s  of su rv iv ing  atoms, va lues  
of recombination e f f i c i e n c y  f o r  gold w e r e  c a l c u l a t e d  us ing  Eq. 5 (see 
Table 11) . 
I t  w a s  noted i n  these  experiments t h a t  t h e  c a t a l y t i c  a c t i v i t y  of 
t h e  gold appeared t o  i n c r e a s e  with exposure t o  atoms. This  t i m e  va r i a -  
t i o n  is shown i n  Table 111. 
Discussion 
The c l o s e  correspondence between t h e  f r a c t i o n  of atoms observed t o  
su rv ive  t h e  t r a n s i t  through our  8 0 - c o l l i s i o n  Pyrex reac tor ,  and t h e  
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f r a c t i o n a l  atom f l u x  expected t o  appear  from t h e  ho t  tungs ten  s u r f a c e  a t  
t h e  i n l e t  of t h e  r e a c t o r  (based  on t h e  k i n e t i c s  of molecular  oxygen 
d i s s o c i a t i o n  on tungsten')  sugges t s  t h a t  t h e  recombination e f f i c i e n c y  of 
Pyrex i s  low. I f  t h e  r a t i o  nl/nl* i n  an  80 -co l l i s ion  v e s s e l  has  a va lue  
of 0.99 (where n,* r ep resen t s  a v e s s e l  with z e r o  recombination e f f i c i e n c y  
and n1 r e p r e s e n t s  t h e  Pyrex v e s s e l )  then Eq.  5 p r e d i c t s  y = 1.3 x 
f o r  t h e  Pyrex w a l l .  This  is  i n  agreement with t h e  recombination e f f i -  
c iency  repor ted  f o r  oxygen atoms on Pyrex a t  cons iderably  h ighe r  oxygen 
pressures .2  
t h e  g l a s s  w a l l  may be ignored, and t h e  recombination e f f i c i e n c y  of metal  
s u r f a c e s  i n s e r t e d  i n  t h e  r e a c t o r  may be computed from Eq. 5, us ing  f o r  
nl* t h e  concen t r a t ion  of su rv iv ing  atoms observed i n  t h e  empty r e a c t o r  
under s i m i l a r  cond i t ions  of temperature and oxygen pressure .  
With such a low c a t a l y t i c  a c t i v i t y ,  t h e  l o s s  of atoms on 
Gold appears  t o  be a r e l a t i v e l y  a c t i v e  oxygen recombination c a t a l y s t .  
The da ta  i n  Table I1 sugges t  t h a t  t h e  recombination r a t e  has  a h igher  
than f i r s t  o r d e r  dependence on t h e  gaseous atom concent ra t ion ,  f o r  a s  
t h e  tungs ten  ribbon temperature  is increased,  t h e  recombination e f f i c i e n c y  
inc reases .  However, gold a l s o  e x h i b i t s  an i n c r e a s i n g  a c t i v i t y  with 
exposure t o  oxygen atoms (Tab le  111). 
observed recombination e f f i c i e n c y  of t h e  gold specimen increased  about 
four - fo ld .  I t  seems poss ib l e  t h a t  t h i s  e f f e c t  may be r e spons ib l e  f o r  
t h e  apparent  k i n e t i c  dependence. F u r t h e r  experiments w i l l  be conducted 
t o  c l a r i f y  t h i s  po in t .  
During a period of 35 minutes t h e  
In  a f e w  experiments, t h e  gold specimen which had been exposed t o  
atomic oxygen f o r  va r ious  l eng ths  of t i m e  w a s  f l a s h  heated and t h e  amount 
of desorbed molecular  oxygen observed. These r e s u l t s  i nd ica t ed  t h a t  t h e  
'P. 0. S c h i s s e l  and 0. C. Trulson, J .  Chem. Phys., - 43, 737 (1965) .  
2H.  Wise and B. J .  Wood, Advances i n  Atomic and Molecular Physics,  
New York, Academic Press ,  1967, p. 322. 
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oxygen w a s  sorbed r e l a t i v e l y  slowly, r equ i r ing  more than 10 minutes t o  
approach a s a t u r a t e d  cond i t ion .  Such a r a t e  of accumulation of sorbed 
oxygen on t h e  gold s u r f a c e  is  i n  agreement with t h e  observed change i n  
recombination e f f i c i e n c y  upon exposure t o  gaseous atoms. 
Both i n  geometry and dimensions, t h e  antechamber t h a t  comprises t h e  
gas  i n l e t  t o  t h e  i o n  source  of t he  OGO-F S a t e l l i t e  mass spec t rometer  i s  
q u i t e  s i m i l a r  t o  our l abora to ry  r e a c t i o n  v e s s e l .  Based on t h e  a n a l y s i s  
employed i n  our experiments, we can spec i fy  t h e  recombination e f f i c i e n c y  
requirement f o r  t h e  s u r f a c e s  of t h i s  antechamber f o r  any s p e c i f i e d  
recovery of oxygen atoms e n t e r i n g  i t s  i n l e t  a p e r t u r e .  I f  90 percent  of 
t h e  e n t e r i n g  atoms must su rv ive  passage through t h e  chamber ( n ,  /n,* = 0.9) 
then, from Eq. 5, t h e  recombination e f f i c i e n c y  y cannot exceed 4 x 
( t h e  c o l l i s i o n  number B of t h e  antechamber i s  approximately 25 ) .  
seems ev iden t  t h a t  gold i s  not  t h e  s u r f a c e  of cho ice  f o r  t h i s  chamber. 
However, i f  gold i s  employed, i t  w i l l  be important  t o  have a thorough 
knowledge of t he  recombination e f f i c i e n c y  of t h i s  metal a s  a func t ion  of 
t h e  gaseous atom concent ra t ion ,  t h e  t i m e  of exposure, t h e  t o t a l  pressure,  
and, possibly,  t h e  temperature  of t h e  su r face .  
I t  
Our immediate f u t u r e  plans a r e  t o  complete t h e  measurements on gold, 
and then t o  pursue s imi l a r  measurements on o t h e r  meta ls .  Ma te r i a l s  of 
s p e c i a l  i n t e r e s t  a t  p resent  a r e  t i tanium, s t a i n l e s s  s t e e l ,  and aluminum. 
Meeting and Tr ips  
Henry Wise and Bernard J .  Wood p a r t i c i p a t e d  i n  t h e  Conference on 
Atomic Oxygen Measurements i n  t h e  E a r t h ' s  Upper Atmosphere he ld  a t  
Goddard Space F l i g h t  Center  on August. 7. 
Pe r s  onne 1 
Personnel p a r t i c i p a t i n g  i n  t h i s  p ro jec t  inc lude  Henry Wise and 
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FIG. 1 SCHEMATIC DIAGRAM O F  APPARATUS. Specimen may be f i l m  deposited 
on wall of reactor (as shown) or metal ribbon suspended inside reactor (not shown). 
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Table I 
PRODUCTION OF ATOMIC OXYGEN ON A HOT TUNGSTEN RIBBON 
Ribbon Temperature, 
























a amu 16 w a s  co r rec t ed  f o r  c o n t r i b u t i o n  of c racking  p a t t e r n  which was 
observed when the  r ibbon w a s  not  hea ted .  
bComputed from d a t a  i n  Ref. 1. 
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Table 11 
RECOMBINATION EFFICIENCY OF OXYGEN ATOMS ON GOLD 
Ribbon Temperature, Recombination Efficiency, 





EFFECT OF EXPOSURE TIME ON RECOMBINATION EFFICIENCY OF GOLD 
Time of Exposure to Atoms, Recombination Efficiency, 
(minutes) Y 
0 
5 
20 
35 
0.065 
0.21 
0.27 
0.27 
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